Introduction
Crystallographic preferred orientation is one of the most essential factors to control the magnetic property or plastic anisotropy of steel sheets. For example, in ultra low carbon steels, it is well known that ND// < 111 > recrystallization texture contributes to raise the Lankford value to improve the drawability of sheets. 1) Although many significant studies have been made on such texture development, 2) fundamental problems have been still remained for overall understanding of its formation mechanism. Among the problems remained, inhomogeneous deformation microstructures generated during cold-rolling is a problem to be elucidated, [3] [4] [5] since it markedly influences on the development of recrystallization texture formed by heat treatments subsequent to the cold rolling. 6, 7) As is also well known, deformation textures such as γ-fiber (ND// < 111 > ) or α-fiber (RD// < 110 > ) is developed by cold-rolling.
2) The formation of those preferred orientations has been theoretically treated by crystal rotation due
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to activation of slip systems in bcc crystals. 8, 9) Many studies about the following problems have been examined using by single crystal; (1) characteristics of deformation microstructures or dislocation substructures in each fiber, (2) degree of work-hardening (hardness) in each fiber, (3) potential to recrystallize in each fiber. In these studies, it is clarified that recrystallization in the grain of γ-fiber and {110} < 001 > (ND// < 110 > , RD// < 001 > ) occurs easier than that of {100} < 001 > and {100} < 011 > . [10] [11] [12] [13] Since a single crystal oriented {111} < 211 > tends to work-harden easier, the stored strain energy seems to contribute the recrystallization. However, the single crystal oriented {100} < 001 > is hard to recrystallize even after large deformation. 14, 15) This result suggests that it is important to examine not only the stored strain energy in grain but also the inhomogeneous deformation microstructure as nucleus of recrystallization.
In addition, it is well known that grain boundaries (GBs) are one of major nucleation sites for recrystallization, [16] [17] [18] because inhomogeneous deformation is enhanced in the vicinity of GBs where the compatibility of displacements due to plastic deformation must be maintained. Such constraint along GBs causes local crystal rotation being quite different from that of inner part of grains, so that such inho-mogeneous deformation around GBs must have essential influences on behaviors of recrystallization.
In the present study, deformation microstructures developed in Ti-added ultra low carbon steel have been investigated by using SEM-AsB (scanning electron microscopy equipped with angle selective backscattered electron detector) and SEM-EBSD (scanning electron microscopy with electron backscattering diffraction). The technique of SEMAsB enables us to easily observe dislocation substructures of wide area in bulk crystals without thinning process necessary for TEM specimens. By employing the both techniques of SEM-AsB and SEM-EBSD, we were able to carry out the same site analyses for dislocation substructures and orientation mapping. The analyses were made for wide areas of almost complete thickness of rolled sheet on the plane normal to TD (transverse direction). In addition, fine grains formed around GBs were observed, and the correlation between the formation of those fine grains and GBs characteristics was systematically examined. Table 1 shows chemical composition of Ti-added ultra low carbon steel (ULC) employed in this study. Hot rolling is employed at 1 200°C (the finishing temperature is 950°C). The average grain size of hot-rolled sheet is around 50 μm. In order to form carbides and reduce the solute carbon content, the sheet was subject to a heat treatment at 720°C × 600 s followed by cold-rolling up to thickness of 1.2 mm, where the thickness reduction was 70%. Specimens with the dimension of 6 × 3 × 1.2 mm 3 were cut out from the cold-rolled sheet to make SEM observation. Specimen surface normal to the longitudinal direction (longitudinal plane) was mechanically polished and finally electropolished. Orientation image mappings (OIM) via EBSD with respect to the normal direction (ND) as well as to the rolling direction (RD) were made on the longitudinal section. The deformation microstructures of the same areas as observed by EBSD were visualized by electron channeling contrast imaging using SEM-AsB, where the accelerating voltage was 15 kV. Nanoindentation test using the Berkovich tip was also carried out for a part of the area observed by EBSD on the longitudinal section. As shown in OIM of Fig. 1(b) , a large part of the observed area is colored in blue and red, where the area colored in blue indicates that the grains of γ-fiber (ND// < 111 > ) is developed as one of major component of texture. On the other hand, in Fig. 1(c) , grains colored in green occupy the major part of the figure, which shows that textures of α-fiber (RD// < 110 > ) is also developed as another main component. Thus the present specimen cold-rolled by 70% thickness reduction has both γ-fiber (ND// < 111 > ) and α-fiber (RD// < 110 > ) textures, which are the typical rolling texture in the bcc metals. The area ratios of γ-fiber and α-fiber were estimated from Figs. 1(b) and 1(c) to be 34.6% and 49.8%, respectively. Here, they are designated as those two fibers the OIMs of Figs. 2(b) and 2(c). Although some gradation in color is observed inside the grain, it is confirmed by the {100} pole figure in Fig. 2(d) that the grain surrounded by the two GBs is almost oriented {211} < 110 > , where the pole figure in Fig. 2(d) is described using EBSD data obtained only from the area surrounded by white rectangle in Fig. 2(b) . In AsB image of Fig. 2(a) , the inside of the {211} < 110 > grain exhibits the contrasts due to small angle sub-boundaries corresponding to dislocation cell structures elongated along RD. The elongated cell size estimated from the AsB contrasts is more than 2-3 μm, which is larger than the cell size of other grains observed in the upper or bottom area of Fig. 2(a) . Figures 3(a) , 3(b) and 3(c) show the images of AsB and OIMs (ND and RD) of the area which mainly includes a grain oriented ND// < 111 > and RD// < 110 > ({111} < 110 > ). This texture of {111} < 110 > has the both components of α-fiber and γ-fiber in bcc metals. In the vicinity of the bottom line of Figs. 3(b) and 3(c), remarkable change of orientation is observed, and there should exit a grain boundary as indicated as a white broken line in Fig. 3(a) . Figure 3 (d) shows the {100} pole figure which was generated from EBSD data obtained from the area surrounded by white rectangle in Fig. 3(b) . It is confirmed from this pole figure that the grain observed corresponds to the {111} < 110 > texture, although the orientation scattering of this area is larger than that observed in the {211} < 110 > texture in Fig. 2(d) . The AsB image of Fig. 3 (a) exhibits a substructure finer than that observed in the area oriented {211} < 110 > in Fig. 2(a) . The fine substructure in Fig. 3(a) is separated into two regions as labeled A and B. In the region labeled A, fine contrasts due to substructures such as dislocation cells (cell size: around 1-2 μm) are observed along the oblique direction upward to the right, while in the region B, similar contrasts are observed along the oblique direction downward to the right. The contrasts are seen to be elongated along those oblique directions. The elongated cell structures correspond to so-called microbands (MBs), which is one of the typical microstructures observed in cold-rolled metals. It should be also noted in OIMs of region B that there are many black dots where their orientations could not be determined, which indicates that there should be many local spots where crystal distortion is too significant to determine the orientation. In addition, as shown in the lower part of region A in Fig. 3 Fig. 4(a) . In addition to the boundaries indicated in Fig. 4(a) , as is seen in Figs. 4(b) and 4(c) , the upper grain is separated into two areas oriented {211} < 110 > (labeled C) and {111} < 211 > (labeled D), although the boundary between the two areas is not definitely determined. The lower grain labeled E in Fig. 4(b) exhibits the only one orientation of {100} < 011 > through whole area of the grain. In order to confirm the orientation scattering of those area, Figs. 4(d) and 4(e) indicate the {100} pole figures generated from EBSD data obtained from the areas D and E in Fig. 4(b) , respectively. It is understood from these figures that the area D with the orientation of {111} < 112 > has a somewhat scattering, while the orientation of the area E well converges to {100} < 011 > . Thus, the areas observed in Fig. 4 includes three major preferred orientations, {211} < 110 > , {111} < 211 > and {100} < 011 > . The AsB image in Fig. 4(a) exhibits the substructures characteristic to each orientation of those above textures: coarse cell structure elongated along RD is seen in the areas oriented {100} < 011 > or {211} < 110 > , while in the area oriented {111} < 211 > , the substructure of fine cell is developed. Further, it is to be noted in Figs Fig. 5(b) ) and RD// < 100 > (colored in red in Fig. 5(c) ) in spite that the orientation of area D is {111} < 211 > . In Addition, such fine grains have relatively equiaxed shape. The orientation {110} < 001 > is well known as Goss orientation which often appears in shear bands developed in grains with the orientation {111} < 211 > formed by cold-rolling. Shear bands (SBs) are one of the characteristic microstructures commonly observed in heavily cold-rolled metals, where the localized shear deformation occurs accompanied with the formation of fine grains with large scattering of crystal orientations. [19] [20] [21] [22] When SBs are formed in grains oriented to {111} < 211 > , crystal rotation about the TD axis (transverse direction of rolled plate) locally occurs in the SBs. Here, the TD axis is parallel to < 110 > , so that the {110} < 001 > orientation can be generated in SBs. Since the area with the orientation of {111} < 211 > as shown in Fig. 5 is thought to be a well work-hardened area, SBs are formed as a kind of structures of plastic instability associated with a remarkable recovery. In order to examine the degree of work-hardening in each preferred orientations directly, nanoindentation test was carried out with a Berkovich indenter. Figures 7(a) , 7(b) and 7(c) show the images of AsB and OIMs(ND and RD) of the area where the nanoindentation test was carried out. Figure  7 (d) demonstrates a map of hardness distribution, where the hardness is designated according to the color key in the bottom of the figure. The hardness measurement was carried out at the positions with the interval of 3 μm, as shown in Fig. 7 (e) which is an enlarged image of the area surrounded by the square in Fig. 7(a) . The maximum imposed load was 0.5 mN. It is found from Figs. 7(b), 7(c) and 7(d) that the top area oriented to {111} < 211 > has relatively large hardness, while the hardness of the bottom area oriented to {100} < 110 > is lower. The results obtained by the indentation tests were summarized in Fig. 8 , where the vertical axis indicates hardness and the abscissa shows preferred orientations developed due to cold rolling. Here, γ 1 , γ 2 , α 1 and α 2 correspond to {111} < 112 > , {111} < 110 > , {100} < 011 > and {112} < 110 > , respectively. They are designated as those orientations when deviation angles from the ideal orientations were less than 15 degrees. The numbers of measured positions in each fiber of γ 1 , γ 2 , α 1 and α 2 are 81, 70, 53, 43, respectively. The average value of the hardness is indicated as solid circles with error bars. The hardness of γ 1 and γ 2 is larger than that of α 2 and α 2 , suggesting that there is a orientation dependence of degree of work hardening in textures developed by cold rolling. Moreover, the error bars of γ 1 and γ 2 are larger than those of α 1 and α 2 . This indicates that the microstructure developed in the fiber of γ 1 and γ 2 is more inhomogeneous than that of α 1 and α 2 , which may correspond to the large orientation scattering or inhomogeneous microstructures such as shear bands or micro bands observed in γ-fibers.
Experimental Procedure

Results and Discussions
Inhomogeneity in deformation microstructures appears not only inside grains but also around grain boundaries. Figures 9(a), 9(b) and 9(c) show the SEM-EBSD (ND, RD) and SEM-AsB images indicating three kinds of morphological features around grain boundaries: (a) relatively flat boundary, (b) irregularly serrated boundary, (c) boundary associated with fine grains. The numbers of those three types of grain boundaries were counted in the OIM images in Fig. 1 , and the ratios of each boundary (a), (b) and (c) were estimated to be approximately 10%, 65% and 25%, respectively. In the present study, among the three types of grain boundaries, particular attention has been paid to type (c) boundary, since it is expected that fine grains formed around grain boundaries in cold-rolled sheet should act as nucleus of recrystallization.
Figures 10(a), 10(b), 10(c) and 10(d) exhibit OIM images of the area including the grain boundary associated with fine grains which was the same microstructure as shown in Fig. 9(c) . Here, black dots are plotted in each figure when the misorientation between the neighboring pixel takes the following values; (a) 0-5°, (b) 5-10°, (c) 10-15°, (d) more than 15°, respectively. The SEM-AsB image of the same area as the OIM is also shown in Fig. 10(e) , where many diffraction contrasts are observed, but the most of misorientations are less than 15° as understood from Figs. 10(a) 10(b) and 10(c). However, as is shown in Fig. 10(d) , the fine grains observed along the horizontal direction have high angle boundaries whose misorientations are larger than 15°. In order to clarify more detailed aspects of the formation of such fine grains around grain boundaries, crystal orientations of two neighboring grains adjacent to the boundary as well as their microstructural characteristics were examined for all grain boundaries observed in Fig. 1 . The boundaries were classified into those neighboring α 1 , α 2 , γ 1 , γ 2 and other fibers. Figure 11 shows six examples of OIM (ND and RD) and SEM-AsB images for fine grain structures formed along grain boundaries adjoining the γ-orientation (ND// < 111 > ). The orientations of the neighboring grains formed around the grain boundaries in Figs. 11(a)-11(f) are γ 1 -α 2 , γ 1 -α 1 , γ 1 -others, γ 2 -α 2 , γ 1 -γ 2 , γ 1 -α 1 , respectively. Fine grains are indicated by white dotted ellipses. Various morphological features of those fine grains are observed: relatively equiaxial (Figs. 11(a), 11(d) and 11(e) ), elongated along the grain boundary (Figs. 11(b), 11(c) and 11(f) ). In addition, RD or ND in many of the fine grains tends to have the same orientation as those of their neighboring grains. Table 2 summarizes the aspect of fine grain formation, which shows the numbers of those boundaries classified, numbers of boundaries with fine grains and numbers of boundaries with fine grains whose orientation is 
ND// < 111 > . Here, orientations other than the major four fibers (α 1 , α 2 γ 1 , γ 2 ) are indicated by {hkl} < uvw > . Total number of grain boundaries examined in Fig. 1 is 84, among which 22 boundaries were associated with formation of the fine grains. Further, 16 boundaries were adjacent to grains with γ 1 and γ 2 orientation among the 22 boundaries. This suggests that the orientation of γ plays a significant role in the formation of fine grains in the vicinity of grain boundaries during cold rolling. Since the preferred orientation of ND// < 111 > enhances the good formability of recrystallized sheets, it is important to clarify the nucleation site Fig. 13 . Effects of grain boundaries as well as of the fine grain formation around the grain boundaries on nanoindentation hardness, where the hardness data of γ 1, γ 2, α1 and α2 are the same as shown in Fig. 8 . Table 2 . Statistical study of grain boundaries after cold-rolling, which shows the number of grain boundaries, the number of grain boundaries with fine grains, and the number of grain boundaries with fine grains with ND// <111>. Grain boundaries are classified in terms of the crystal orientations of two neighboring grains adjacent to the boundaries.
Crystal orientations of two neighboring grains adjoining the boundary Number of GBs Number of GBs with fine grains Number of GBs with fine grains of ND// <111>
others-others {hkl}< uvw > -{hkl}< uvw > 10 2 2 TOTAL 84 22 11 of ND// < 111 > grains which should have been already included at as-rolled state. It should be noted that 7 grain boundaries are adjacent to the grains of γ 1 or γ 2 among 11 boundaries associated with fine grains of ND// < 111 > , which suggests the significance of grain boundaries adjacent to the γ-orientation for the formation of fine grains with new γ-orientations. Figure 12 (a) shows an enlarged OIM (ND) image around a grain boundary between two grains with the orientations of ND// < 211 > and ND// < 111 > . Figure 12(b) indicates the IQ map of the same region as shown in Fig. 12(a) . Fine grains (grain size: 0.5-2 μm) are seen along the grain boundary in Fig. 12(a) , although there are some areas where the OIM system could not analyze their orientations. In fact, it is understood from Fig. 12(b) that IQ values near the grain boundary generally become lower than those of the areas far from the boundary. Note here that relatively bright areas appear among those dark areas with law IQ values, which corresponds to the areas of fine grains observed in OIM image of Fig. 12(a) . These images can be understood by regarding the fine grains to be newly recovered ones formed from well work-hardened areas near the grain boundary. Although further investigation is necessary to clarify the origin of such fine grain formation around grain boundaries, it might be possible to consider that a phenomenon similar to dynamic recrystallization occurs in the areas adjacent to grain boundaries where work-hardening is enhanced. Figure 13 indicates the effects of grain boundaries as well as of the fine grain formation around the grain boundaries on nano-indentation hardness, where the hardness data of γ 1 , γ 2 , α 1 and α 2 are the same as shown in Fig. 8 . Here, the data colored in red show the nano-indentation hardness of the areas within the distance of 3 μm from the grain boundaries. Average hardness of fine grains are exhibited in the right of the figure. The hardness values of 5 299 and 5 632 obtained in the vicinity of the grain boundaries adjacent to γ 1 and γ 2 grains are higher than those obtained from inside of the grains, 5 259 and 5 032, respectively. On the other hand, in α 1 and α 2 grains, such tendency of the hardness change does not appear, which suggests that the hardness enhancement near grain boundaries depends on the orientation of grains adjacent to the grain boundary. Moreover, it is to be noted that the hardness of fine grains tends to be lower than that in the vicinity of grain boundaries. This suggests that the formation of fine grains around grain boundaries adjacent to the grains with ND// < 111 > occurs as a kind of recovery process for locally well work-hardened areas. Thus, the fine grains found around grain boundaries in the present study are considered to be newly formed during cold-rolling, although a few of them might be a part of large grains which were already present before cold rolling. This speculation is supported also by the fact that the shape of almost fine grains are relatively equiaxed as well as those are formed in the SB shown in Fig. 5 .
As was shown in Table 2 , 73% (16/22) of grain boundar-ies associated with the formation of fine grains are adjacent to the grain of γ 1 or γ 2 , which indicates that the occurrence of fine grains are highly influenced by the characteristics of neighboring grains. As was shown in Fig. 8 , nano-indentation test revealed that the degrees of work hardening of both grains of γ 1 and γ 2 are larger than those of other grains which have different orientations such as α or others. When we consider the origin of such fine grain formation in the vicinity of grain boundary, this tendency observed in γ-fiber may suggest the importance of typical inhomogeneous deformation mode observed in fully work-hardened grains such as shear bands, as well as inhomogeneous crystal rotation due to the activation of multiple slip near grain boundaries.
Conclusion
Deformation microstructures developed by cold-rolling in Ti-added ultralow carbon steel have been investigated using the techniques of SEM-AsB and SEM-EBSD, where the both techniques were applied to obtain the images of dislocation substructures and orientation mappings of the identical sites. The results obtained are as follows;
(1) Two preferred orientations were confirmed in a Ti-added ultra low carbon steel due to cold-rolling by 70% in thickness reduction: (ND)// < 111 > (γ-fiber) and (RD)// < 110 > (α-fiber) which are well known as the stable orientations developed in cold-rolled ferritic steel.
(2) Characteristic microstructures are developed in each preferred orientation: In γ-fiber (ND// < 111 > ), relatively fine cell structures were observed, where micro bands or shear bands were also seen. In α-fiber (RD// < 110 > ), coarse cell structures were the most common feature except the case that they were γ-fiber.
(3) Nanoindentation tests were performed to examine the degree of work-hardening in each fiber, which demonstrates that the hardness of γ-fiber is higher than that of the other oriented fibers. Such orientation dependence of microstructures and hardness indicate that work hardening in γ-fiber is more enhanced than that in other orientations.
(4) Fine grains were found around grain boundaries, and they are considered to be newly formed during cold-rolling. Many of those boundaries are adjacent to γ-oriented grains, which indicates that formation of fine grains is enhanced in the vicinity of boundary of well work-hardened grains with the γ-orientation. Such fine grains may have a role of nucleus for recrystallization to grow into the adjacent γ-fiber in which the degree of work-hardening is higher than that of the other orientations.
